g Plasmodium falciparum infection during pregnancy leads to abortions, stillbirth, low birth weight, and maternal mortality. Infected erythrocytes (IEs) accumulate in the placenta by adhering to chondroitin sulfate A (CSA) via var2CSA protein exposed on the P. falciparum IE membrane. Plasmodium berghei IE infection in pregnant BALB/c mice is a model for severe placental malaria (PM). Here, we describe a transgenic P. berghei parasite expressing the full-length var2CSA extracellular region (domains DBL1X to DBL6) fused to a P. berghei exported protein (EMAP1) and characterize a var2CSA-based mouse model of PM. BALB/c mice were infected at midgestation with different doses of P. berghei-var2CSA (P. berghei-VAR) or P. berghei wild-type IEs. Infection with 10 4 P. berghei-VAR IEs induced a higher incidence of stillbirth and lower fetal weight than P. berghei. At doses of 10 5 and 10 6 IEs, P. berghei-VAR-infected mice showed increased maternal mortality during pregnancy and fetal loss, respectively. Parasite loads in infected placentas were similar between parasite lines despite differences in maternal outcomes. Fetal weight loss normalized for parasitemia was higher in P. berghei-VAR-infected mice than in P. berghei-infected mice. In vitro assays showed that higher numbers of P. berghei-VAR IEs than P. berghei IEs adhered to placental tissue. Immunization of mice with P. berghei-VAR elicited IgG antibodies reactive to DBL1-6 recombinant protein, indicating that the topology of immunogenic epitopes is maintained between DBL1-6 -EMAP1 on P. berghei-VAR and recombinant DBL1-6 (recDBL1-6). Our data suggested that impairments in pregnancy caused by P. berghei-VAR infection were attributable to var2CSA expression. This model provides a tool for preclinical evaluation of protection against PM induced by approaches that target var2CSA.
M
alaria is a major health concern in countries where it is endemic. Recent reports show an incidence of 198 million cases in 2013 (82% in Africa) and 584,000 estimated deaths, 74% of which were children under 5 years of age (1) . In areas of endemicity, pregnant women are under a greater risk of malaria than nonpregnant (NP) women due to immunological and hormonal changes and higher attractiveness to mosquitoes (2) . Placental infection or clinical malaria during pregnancy has been shown to have a negative impact on infant health, increasing the risk of clinical malaria and mortality in infants (3) .
In areas of unstable malaria transmission, pregnant women can develop severe malaria due to low immunity to the parasite, which has been associated with increased mortality during pregnancy (4, 5) , miscarriages, preterm deliveries, low birth weight, stillbirth, and death of neonates (6) . These features can be recapitulated in a mouse model of severe placental malaria (PM) (7) , which consists of infection of BALB/c mice syngeneically pregnant with parasites of the ANKA strain of the rodent malaria parasite Plasmodium berghei.
Apart from physiological changes associated with gestation, increased susceptibility to developing malaria during pregnancy is attributed to the placenta as a preferred site of accumulation of infected erythrocytes (IEs). The placenta offers a niche for IE sequestration due to its microcirculatory properties (8) and to the expression of chondroitin sulfate A (CSA), an essential receptor for the Plasmodium falciparum var2CSA variant antigen expressed on the surface membranes of IEs (9) (10) (11) . Physical interaction between var2CSA and CSA allows adhesion of IEs to placental tissue (11, 12) . Sequestration of IEs in the placenta is thought to be a critical factor in pathogenesis associated with PM (13, 14) . Although P. berghei lacks proteins that have homology to var2CSA, P. berghei IEs have been shown to bind to the placenta in a CSAdependent manner (7, 15) . We have recently shown in vivo that sequestration of P. berghei IEs in pregnant BALB/c mice is facilitated in areas of low maternal blood flow in the placenta (8) , suggesting an important role for placental microcirculation in the process.
var2CSA is a large (ϳ350-kDa) polymorphic protein exported to the surface of the IE and a variant antigen of the P. falciparum erythrocyte membrane protein 1 (PfEMP1) family encoded by the var genes (16) . The extracellular region is composed of six different Duffy binding-like (DBL) domains and interdomain regions (DBL1X to DBL6ε [DBL1-6]) and is transcriptionally upregulated in CSA-binding parasites (10) . Var2CSA is so far the best-charac-terized molecule involved in cytoadhesion in the placenta (9, 17) . High levels of anti-var2CSA antibodies have been detected in pregnant women from areas where P. falciparum is endemic (9) and have been associated with improved pregnancy outcomes (9, 18) . These observations strongly suggest var2CSA as a strong target for vaccines aiming at preventing pathology associated with PM.
Here, we describe a transgenic P. berghei parasite expressing the full-length extracellular region of the var2CSA PfEMP1 (DBL1-6) (P. berghei-VAR) and develop a novel var2CSA-based mouse model of PM by infecting allogeneically pregnant BALB/c mice at midgestation with P. berghei-VAR. The extracellular region of var2CSA is fused to the exported protein EMAP1 (erythrocyte membrane-associated protein 1) of P. berghei that is localized at the surface membrane of P. berghei IEs (19) . We found that PM pathology is more severe in mice infected with P. berghei-VAR than in mice infected with wild-type P. berghei. We also show that anti-DBL1-6 antibodies recognize P. berghei proteins, suggesting epitope sharing between var2CSA and P. berghei surface proteins. IgG antibodies generated by immunization with P. berghei-VAR IEs recognized full-length DBL1-6 recombinant protein (recDBL1-6) (20) . This model provides an experimental system for studying interaction of var2CSA with CSA, for investigating the dynamics of P. berghei-VAR accumulation in the placenta, and for preclinical evaluation of PM vaccine candidates targeting the var2CSA antigen.
MATERIALS AND METHODS
Ethics statement. All procedures involving laboratory mice were in accordance with national (Portaria 1005/92) and European (European Directive 86/609/CEE) regulations on animal experimentation and were approved by the Instituto Gulbenkian de Ciência ethics committee and the Direcção-Geral de Veterinária (the official national entity for regulation of laboratory animal use).
Animals and pregnancy monitoring. Eight-to 12-week-old female BALB/c mice were obtained from our animal facility at Instituto Gulbenkian de Ciência. The mice were bred and maintained under specificpathogen-free (SPF) conditions. Allogeneic pregnancy model. Two BALB/c females were transferred to a cage with one C57BL/6 male and removed after detection of vaginal plugs; the day of removal was considered gestational day 1 (G1). The females were weighed immediately after they were separated from the males and on G13; a gain of approximately 5 g of body weight during this period was indicative of pregnancy. This breeding type generates a high number of offspring with small variation in weight.
Parasites. The P. berghei ANKA reporter line 1037cl1 (ANKA-GFPLucschiz [Luc]; mutant RMgm-32) (http://www.pberghei.eu), which contains the gfp-luc fusion gene under the control of the schizontspecific ama1 promoter integrated into the silent 230p gene locus (PBANKA_0306000) and does not contain a drug-selectable marker (21) , was used to obtain P. berghei-VAR. P. berghei ANKA-GFP-Luc (1037cl1) parasites (P. berghei) were also used in all experiments.
Generation of P. berghei parasites expressing var2CSA. A transgenic 1037cl1 strain that expresses C-terminally var2csa-tagged EMAP1 (gene model PBANKA_0836800; emap1::var2csa; line 1653cl3) was generated as previously reported for C-terminally mCherry-tagged EMAP1 (19) . The synthetic 3D7-DBL1X-6ε gene (var2csa; PF3D7_1200600) (20) was first subcloned into PCR2.1 Topo (Invitrogen, Netherlands), and the C-terminal region of emap1 from pL1534 (BamHI/SpeI) was N-terminally fused to the 3D7-DBL1X-6ε gene (NdeI/SpeI). The PCR-amplified 3= untranslated region (UTR) of the calmodulin (cam) gene (PBANKA_1010600) was then cloned as an XbaI fragment downstream of the emap1:3D7-DBL1X-6ε fusion using the following primer set: 5397, 5= ATCTAGATAAT TATTAATATATATGAATATATATACATCGTTG, and 5398, 5= ATCTAG AGGTACCGACCATATAAGAATTAAC. Finally, after the destruction of NdeI, the KpnI fragment containing the emap1::3D7-DBL1X-6ε-3= UTR cam was cloned into pL0007 to create pL1593. The final DNA construct was linearized with NdeI before transfection. Transfection, selection, and cloning of transformed parasites were performed using standard genetic-modification technologies for P. berghei (22) , using P. berghei (1037cl1) as the parental parasite line. Cloned parasite lines were obtained (exp. 1653; transfection of pL1593 into strain 1037cl1) by the method of limiting dilution. Correct integration of DNA constructs and disruption of genes were verified by Southern analyses of pulsed-field gel (PFG)-separated chromosomes (22) . PFG-separated chromosomes were hybridized with the 3= UTR of the P. berghei dhfr/ts gene recognizing the endogenous dhfr/ts locus on chromosome 7, the green fluorescent protein (GFP)-Lucschiz expression cassette on chromosome 3, and the integrated locus at chromosome 8.
Northern blotting. Transcription of emap1::var2csa was determined by Northern analysis of RNA samples obtained from P. berghei and P. berghei-VAR parasite blood stages from asynchronous in vivo infections. Northern blots were hybridized with a 3= fragment of emap1 PCR amplified from genomic wild-type P. berghei (ANKA) using primer pair 3800 (5= GCCGGTACCGTTGCCATTAGTATGAAGAAATAG) and 3001 (5= GCCAAGCTTGTTGTGGTCATCTATATCTACTGATG).
Western blotting. P. berghei and P. berghei-VAR IEs from Nycodenz (Lucron Bioproducts, Belgium)-purified schizonts were collected from overnight cultures (5 l) (22) . Total protein extracts were incubated for 10 min at 70°C with sample-reducing agent and loading buffer (Life Technologies). After migration in an SDS-PAGE gel, 4 to 12% proteins were transferred to polyvinylidene difluoride (PVDF) membranes (Life Technologies). Expression of DBL1-6 fused to EMAP1 was detected by incubation with purified polyclonal rabbit IgG anti-DBL1-6 antibody (23) diluted to 0.1 g/ml in blocking buffer, followed by incubation with horseradish peroxidase (HRP)-conjugated goat anti-rabbit IgG secondary antibody (Invitrogen). Immunostained protein complexes were visualized by enhanced chemiluminescence (Amersham).
Detection of var2CSA protein by immunofluorescence. var2CSA expression was analyzed with anti-DBL1-6 rabbit polyclonal antibodies (20) . Live parasites were collected in phosphate-buffered saline (PBS) or complete RPMI 1640 culture medium and were examined by microscopy using a Leica DMR fluorescence microscope with standard UV GFP and Texas Red filters. Parasite nuclei were labeled by staining with Hoechst-33258 (Sigma, Netherlands). To detect var2CSA exposed on the surfaces of live parasites, the parasites were first incubated with rabbit anti-DBL1-6 antibody at room temperature for 30 min. After a wash with 500 l of RPMI 1640 medium (400 ϫ g; 2 min), the parasites were stained with Alexa Fluor 594-labeled donkey anti-rabbit (Invitrogen, Netherlands; 1:500) at room temperature (RT) for 30 min. Finally, the parasite nuclei were labeled by staining with Hoechst-33258 (2 mol/liter; Sigma, Netherlands), and red blood cell surface membranes were stained with the anti-mouse TER-119-fluorescein isothiocyanate (FITC) antibody (1:200; eBioscience, Netherlands) at RT for 30 min and washed with 500 l of RPMI 1640 medium (400 ϫ g; 2 min).
Experiment design. Infected erythrocyte preparations were obtained from one in vivo passage in BALB/c mice when the percentage of infection reached approximately 3 to 5%. Parasitemia was measured by flow cytometry to detect DRAQ5 (BioStatus Limited, United Kingdom)-labeled parasites as described previously (24) . Pregnant mice were infected intravenously with 10 6 , 10 5 , or 10 4 IEs at G13 and weighed daily; parasitemia was evaluated from day 3 postinfection until the termination of pregnancy. Nonpregnant mice were infected the same day as pregnant females, and parasitemia was monitored accordingly. Pregnancy outcomes were assessed.
Pregnancy outcomes. Litter size, newborn weight and viability, abortions, and maternal mortality were recorded. Maternal weight was controlled daily from day 3 postinfection. Weight gain was calculated by subtracting the weight on the previous day divided by the number of fetuses. The birth of dead fetuses and mummified forms attached to the placenta were considered stillbirths. Fetuses that had been expelled before the termination of gestation were recorded as aborted. Abortions were considered loss of the entire litter. Nonaborted fetuses were killed by combining hypothermia and CO 2 narcosis.
Synchronization of parasites. P. berghei and P. berghei-VAR IEs were cultured to generate synchronized mature schizonts as previously described (22) . Briefly, IEs from frozen stock were injected into nonpregnant BALB/c mice. When parasitemia reached 10%, IEs were injected into naive nonpregnant BALB/c mice (1 passage). Mice were bled when parasitemia reached 1 to 3%. Red blood cells were resuspended in RPMI containing 20% fetal bovine serum (FBS) and 0.1% neomycin and incubated for 18 h in 75-cm 2 tissue culture flasks in a total volume of 50 ml. Schizont-stage IEs were isolated using magnetically activated cell sorting (MACS) 25LS columns (Miltenyi Biotec) according to the manufacturer's instructions. For cytoadherence assays IEs were synchronized in neomycin-free medium for 12 h.
Ex vivo cytoadherence assays. Placentas from noninfected BALB/c females, obtained at G19, were treated using a previously described protocol (25) . Briefly, the placentas were fixed in 2% formalin and 0.5% glutaraldehyde for 10 min and heated in a microwave oven before being embedded in paraffin. After being deparaffinized and rehydrated, 5-m sections were delimited with a hydrophobic circle using a PAP pen (Sigma-Aldrich). The sections were blocked with 1% bovine serum albumin (BSA) in PBS at RT for 30 min. Fifty microliters of synchronized IE suspension (schizont stage), at a concentration of 10 8 /ml, was added to the tissue sections for 60 min at 37°C in a humid chamber. After washing unbound cells, placental sections were stained with Giemsa for 8 min. For IE-ligand-blocking experiments, synchronized IEs were preincubated with doses (10 to 1,000 g/ml) of CSA from bovine tracheas (Sigma) at 37°C for 30 min without agitation. As a negative control, IEs were treated with trypsin (2.5 mg/ml; Gibco) for IE-ligand cleavage. The IEs were then added to the placental sections as described above. The slides were mounted with Tissue-Tek glass mounting medium (Sakura) and examined on a Zeiss Axio Image M2 microscope (magnification, ϫ1,000). The number of IEs adhering to placental sections under each experimental condition was determined in a blind fashion by counting 10 fields. The data were expressed as the average number of IEs per 1.5 mm 2 of placental tissue. Images were obtained with an AxioCam HRc digital camera using AxioVision software.
Flow cytometry. IEs purified by MACS were incubated with anti-CD16/CD32 (Fc block) for 10 min, followed by incubation with purified rabbit anti-DBL1-6 IgG (23) and TER 119-phycoerythrin (PE) (Molecular Probes, USA) for 30 min on ice. Cells were washed in PBS containing 2% fetal calf serum (FCS) and 0.01% sodium azide (fluorescence-activated cell sorter [FACS] buffer), incubated with anti-rabbit IgG-A647 (Jackson Immuno Research Laboratories), washed twice with FACS buffer, and analyzed in a FACSCalibur (BD Biosciences) after acquisition of 100,000 events.
Evaluation of antibody titers by enzyme-linked immunosorbent assay (ELISA).
Mice were infected with 10 6 P. berghei-VAR or P. berghei IEs and treated intraperitoneally (i.p.) with 3 consecutive doses of chloroquine (0.7 mg) when peripheral parasitemia reached 10%. The mice were reinfected with the same dose and parasite line 30 days later. Sera were collected 45 days after reinfection by cardiac puncture. High-binding 96-well plates (Nunc, Thermo Scientific) were coated with 0.1 g/ml of recombinant DBL1-6 protein (recDBL1-6) (20) in PBS and incubated overnight. The wells were washed 3 times with PBS-Tween 20 (0.05%) (PBS-T) and blocked with PBS-T-4% BSA for 1 h at 37°C. Serially diluted serum was incubated for 1 h at 37°C. After 3 washes, the wells were incubated with horseradish peroxidase-conjugated rat anti-mouse IgG Fc␥-specific antibody (Jackson ImmunoResearch Laboratories) for 1 h at 37°C. The reaction was developed with TMB (BD Biosciences) and interrupted with 2N H 2 SO 4 ; plates were read at 450 nm.
Parasite quantification in placentas. Total RNA from individual P. berghei-or P. berghei-VAR-infected placentas was obtained using an RNeasy minikit (Qiagen) according to the manufacturer's instructions for animal tissues. Total RNA (500 ng) was converted to cDNA (Transcriptor First Strand cDNA synthesis kit; Roche) using random-hexamer primers. cDNA specific to P. berghei 18S rRNA was amplified with TaqMan specific primers: forward, 5=-CCG ATA ACG AAC GAG ATC TTA ACC T-3=; reverse, 5=-CGT CAA AAC CAA TCT CCC AAT AAA GG-3=; probe, 5=-ACT CGC CGC TAA TTA G-3= (FAM/MGB) (24) . Endogenous control glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Mouse GAPD endogenous control; Applied Biosystems) was used in multiplex PCRs (ABI Prism 7900HT; Applied Biosystems). Cycle threshold (C T ) values of the target gene were subtracted by C T values of the endogenous control (⌬C T ); results are expressed as log(2 Ϫ⌬CT ). Statistical analysis. Data are displayed as scattered dot plots with lines at the mean (normal distribution) or median (nonnormal distribution) or are depicted in box-and-whiskers plots (nonnormally distributed). Unpaired t tests, Mann-Whitney tests, analysis of variance (ANOVA) with Bonferroni's correction for multiple-comparison tests or Kruskal-Wallis with Dunn's multiple-comparison tests, Spearman correlation, and nonlinear regression (one-phase exponential decay) were performed using GraphPad Prism 4.0 software. Multiple linear regression was performed using R. Multiple-comparison tests were performed on selected pairs of columns for proper adjustments of the P value. Observed differences were considered statistically significant for P values of Ͻ0.05; the level of significance cutoff was properly adjusted when applicable.
RESULTS

Generation and characterization of transgenic P. berghei-VAR parasites.
To construct a mouse model closer to the pathogenesis of human PM, we sought tools to present the P. falciparum CSAbinding extracellular var2CSA region on the surfaces of IEs. Recently, we applied a combination of proteomic, genomic, and reverse-genetic approaches to identify proteins that are exported into the cytoplasm of infected erythrocytes of the rodent model parasite P. berghei (19) . Two exported proteins that are transported to the IE surface were identified and were named EMAPs. EMAP1 (PBANKA_0836800) is a member of the PEXEL-negative P. berghei multigene family fam-a, and EMAP2 (PBANKA_0316800) is a PEXEL-positive protein encoded by a single-copy gene; neither protein plays a direct role in sequestration. In this study, we generated a transgenic parasite line in which a synthetic 3D7-DBL1X-6ε gene (var2csa; PF3D7_1200600) is fused C terminally to the emap1 gene. Tagging of emap1 was performed by standard genetic modification technologies in which the emap1 endogenous gene is stably tagged with var2csa by a single-crossover integration of the tagging construct ( Fig. 1A and  B) . Transfection of wild-type P. berghei and drug selection followed by cloning of transfected parasites resulted in the selection of the transgenic parasite line P. berghei-VAR. Genotyping by Southern analysis of PFG-separated chromosomes of P. berghei-VAR confirmed that the emap1::var2csa-construct (pL1593) was correctly integrated into the emap1 locus (Fig. 1C) . Northern and Western blot analyses were performed to analyze the expression level of emap1::var2csa in IEs. The level of emap1::var2csa transcripts in P. berghei-VAR is similar to the level of emap1 transcript in P. berghei parasites (Fig. 1C) . Detection of the EMAP1:: var2CSA protein was performed by Western blot analysis using rabbit anti-DBL1-6 polyclonal antibodies (23) . Bands with a molecular mass of Ն250 kDa were detected in P. berghei-VAR, comparable to the size of var2CSA expressed by P. falciparum (16) and likely to be monomers and dimers of var2CSA (Fig. 1D) . The protein was not detected in P. berghei IE extracts, although anti-DBL1-6 antibodies recognized smaller proteins in both P. berghei and P. berghei-VAR parasites (Fig. 1D ). In line with the Western blot analysis, FACS data show DBL1-6 reactivity in a fraction of MACS-purified P. berghei and P. berghei-VAR IEs containing schizonts but not in noninfected erythrocytes (Fig. 1E) . Nevertheless, it is clear that the P. berghei-VAR IEs contain a population with higher DBL1-6 reactivity, which is not present among P. berghei IEs that presumably correspond to the var2CSA-expressing erythrocytes comprising 2.5% to 5.8% of IEs (Fig. 1E ). DBL1-6 staining of live P. berghei-VAR IEs was also confirmed by fluorescence microscopy (Fig. 1F) . Taken together, these results indicate that the var2CSA region of EMAP1::var2CSA is exposed on the membrane in a fraction of P. berghei-VAR IEs. The observation that anti-DBL1-6 antibodies reacted to P. berghei IEs but not to noninfected erythrocytes suggests that molecules expressed on the surfaces of P. berghei IEs may share epitope homology with DBL domains. More P. berghei-VAR IEs than P. berghei IEs bind to placental tissue. Next, we compared the capacities of P. berghei-VAR and P. berghei IEs to bind to the mouse placenta in vitro. P. berghei IEs have been previously shown to bind to mouse placentas in a CSAdependent manner (7). P. berghei or P. berghei-VAR IE suspensions (at the schizont stage) were preincubated with or without different concentrations of CSA (10 to 1,000 g/ml) and were subsequently added to thin sections of placental tissue. Under all tested conditions, the number of P. berghei-VAR IEs that adhered to the tissue was significantly higher than that of P. berghei IEs (Fig. 2A) . Multiple linear regression including the parasite line and CSA concentration showed an adjusted R 2 value of 0.64 and an F statistic of 185.6 (data not shown). This model indicates that P. berghei-VAR has higher cytoadherence than P. berghei (P Ͻ 0.01) and that cytoadherence decreases with the CSA concentration (P Ͻ 0.01). Multiple linear regression showed that dependency on interaction with placental CSA is marginally higher in P. berghei-VAR IEs than in P. berghei IEs (P ϭ 0.09; data not shown), possibly due to the low number of P. berghei-VAR IEs expressing var2CSA, which is also suggested by linear regression analysis (Fig. 2B) .
P. berghei-VAR infection elicits an anti-DBL1-6 specific antibody response. RecDBL1-6 is a candidate molecule for a vaccine against PM to reduce pathogenesis. It has been shown to be correctly folded, and immunization with recDBL1-6 resulted in the generation of specific IgG responses in small animals (23) . We assessed whether infection with P. berghei-VAR could elicit antibodies that recognized recDBL1-6 and if P. berghei non-var2CSA proteins would cross-react with recDBL1-6. Mice were infected with P. berghei-VAR or P. berghei IEs, treated with chloroquine, and reinfected with the same parasite line 30 days later. Sera were collected 45 days after reinfection, and IgG responses against recDBL1-6 were evaluated by ELISA (Fig. 3) . P. berghei-VAR-infected mice showed high anti-DBL1-6 IgG titers. Although P. berghei IE infection generated IgG antibodies reactive to recDBL1-6, titers were significantly lower than P. berghei-VAR-induced responses. The observation that IgG antibodies from sera of mice immunized with P. berghei-VAR recognize recDBL1-6 is indica- tive that DBL1-6-EMAP1 maintains the topology of immunogenic epitopes on recDBL1-6. Recognition of recDBL1-6 by IgG from sera of P. berghei-infected mice, although at a significantly lower level, is in agreement with Western blot and FACS analyses showing reactivity of P. berghei IEs with anti-DBL1-6 antibodies. The fact that bands reactive to anti-DBL1-6 antibodies in P. berghei and P. berghei-VAR IEs have the same molecular weight does not imply they share common immunogenic epitopes. Nevertheless, we cannot exclude the hypothesis of cross-reactivity between P. berghei and DBL1-6 proteins.
IE expansion in maternal blood during pregnancy. We next tested the ability of P. berghei-VAR parasites to induce PM and the impact of infection on pregnancy outcomes compared to infections with P. berghei. Allogeneically pregnant BALB/c mice (BALB/c ϫ C57BL/6 mating) were infected at G13 with different IE doses (10 4 , 10 5 , and 10 6 IEs). Maternal parasitemia was assessed daily from day 3 postinfection by measuring IEs in tail blood. The area under the parasitemia curve (AUC) was used as a proxy for blood parasite mass during the infection period in order to compare parasite expansion in P. berghei-and P. berghei-VAR-infected mice. Susceptibility to infection, as determined by parasite expansion in peripheral blood, was increased in pregnant (P) mice compared to nonpregnant (NP) females, irrespective of the infection dose and parasite line (P P. berghei versus NP P. berghei at 10 6 IEs, P Ͻ 0.01; P P. berghei-VAR versus NP P. berghei-VAR at all doses, P Ͻ 0.001; P P. berghei versus NP P. berghei at 10 5 and 10 4 IEs, P Ͻ 0.001) (Fig. 4A to C) . As expected, parasitemia in pregnant and nonpregnant mice increased according to the IE dose in both P. berghei and P. berghei-VAR infections ( Fig. 4D and E) . Injection of 10 4 P. berghei-VAR IEs led to an increase in parasitemia levels at day 6 postinfection compared to P. berghei injection and an increase in the AUC compared to P. berghei, although it was not statistically significant in pregnant mice (Fig. 4A) ; at higher doses, curves between the two parasite lines were similar in pregnant and nonpregnant mice. These observations indicate that P. berghei-
FIG 3 Higher levels of anti-var2CSA antibodies are induced by infection with
P. berghei-VAR than by P. berghei infection. Sera were collected from mice that were repeatedly infected with P. berghei-VAR or P. berghei IEs and cured with chloroquine. Anti-var2CSA IgG antibody titers were determined by ELISA using 0.1 g/ml of recDBL1-6 coating; *, P Ͻ 0.05 (Mann-Whitney test). Note that sera from P. berghei-infected mice also recognized recDBL1-6. 
berghei-VAR (MannWhitney test). (D and E) Comparisons of AUCs between P. berghei and P. berghei-VAR expansion in pregnant mice (D) or nonpregnant females (E). Group sizes:
P P. berghei (10 6 , n ϭ 8; 10 5 , n ϭ 5; 10 4 , n ϭ 8); P P. berghei-VAR (10 6 , n ϭ 7; 10 5 , n ϭ 7; 10 4 , n ϭ 7); NP P. berghei (10 6 , n ϭ 6; 10 5 , n ϭ 7; 10 4 , n ϭ 7); NP P. berghei-VAR (10 6 , n ϭ 10; 10 5 , n ϭ 8; 10 4 , n ϭ 6). *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001 (Kruskal-Wallis with Dunn's multicomparison test). PI, postinfection.
VAR dynamics at higher IE doses are similar to those of P. berghei but that at the lowest dose peripheral P. berghei-VAR expansion was observed to be more pronounced in pregnant mice. Pregnancy outcomes after infection. Pregnancy outcomes, such as newborn weight and viability, abortions, and maternal mortality, were recorded in mice infected with P. berghei-VAR and P. berghei IEs. At the lowest infection dose (10 4 IEs), apart from 13 to 14% that died during pregnancy, all the mice reached the end of gestation, delivered (Fig. 5A) , and survived for at least 7 days postdelivery (data not shown), irrespective of the parasite line. At an infection dose of 10 5 IEs, maternal death during pregnancy occurred in 45% of P. berghei-VAR-infected mice with marginal statistical significance compared to P. berghei infection (all mice delivered) (P ϭ 0.078; chi-square test) (Fig. 5B) . At an infection dose of 10 5 IEs, maternal death during pregnancy occurred in 45% of P. berghei-VAR-infected mice, showing a trend toward statistical significance compared to P. berghei infection (all mice delivered) (P ϭ 0.078; chi-square test) (Fig. 5B) . No difference was observed in survival after delivery, and maternal death occurred 24 to 48 h after delivery (median survival time for P. berghei and P.
berghei-VAR, 8 days after infection). Infection with 10
6 IEs induced a severe phenotype with high incidence of maternal death before delivery in both the P. berghei and P. berghei-VAR models and abortion of the entire litter in 30% of P. berghei-VAR-infected mice (Fig. 5C) . Occasionally, maternal death during pregnancy occurred in noninfected mice (Fig. 5D ), but infections with 10 6 IEs in both P. berghei-and P. berghei-VAR-induced PM showed a clear incremental effect on maternal death (P ϭ 0.013 and P ϭ 0.067 for P. berghei and P. berghei-VAR, respectively; chi-square test). In comparison to other doses (10 5 and 10 4 IEs for both parasite lines), no significant associations between infection and maternal death were found (P ϭ 0.26; chi-square test). We also . Pregnant mice were scored for abortions (considered loss of the entire litter) and maternal mortality until the end of pregnancy (before delivery or at delivery). The percentages refer to the maternal population; P. berghei (10 6 , n ϭ 6; 10 5 , n ϭ 5), P. berghei-VAR (10 6 , n ϭ 10; 10 5 , n ϭ 9); noninfected (NI) (n ϭ 10).
observed a dose effect on fetal outcomes for both P. berghei and P. berghei-VAR: there was a decrease in birth weight ( Fig. 6A and B) and an increase in stillbirths (intrauterine fetal death) (Fig. 6C) . Interestingly, infection with 10 4 IEs in both PM models induced significant reduction of birth weight in P. berghei-VAR compared to P. berghei infections (Fig. 6A) ; moreover, compared to P. berghei-induced outcomes, infection with 10 4 P. berghei-VAR IEs was more severe: we observed a clear trend toward a higher incidence of stillbirths and lower birth weight, whereas for other doses (10 5 and 10 6 IEs), no differences in these parameters were observed between P. berghei-and P. berghei-VAR-infected mice (Fig. 6C  and D) . Multiple linear regression including the IE dose and parasite line was also applied and showed an adjusted R 2 of 0.36 and an F statistic of 44.3 (data not shown). This analysis indicates that weight decreases with IE dose (P Ͻ 0.01) and that in the case of infections with P. berghei-VAR, the weight decrease is slower than in P. berghei infections (P Ͻ 0.01); this is in line with the one-phase exponential-decay analysis of newborn weight according to the IE dose performed for P. berghei and P. berghei-VAR infections (Fig.  6B ) (P. berghei, K ϭ 1.14eϪ005 to 2.5eϪ005; P. berghei-VAR, K ϭ 5.9eϪ005 to 9.48eϪ005). Together, the data show that in the P. berghei-VAR PM model, a pathogenic role of var2CSA in the fetal outcome (weight loss and stillbirth) is revealed at lower infection doses. Nevertheless, at higher IE doses, var2CSA has a detectable impact on maternal mortality and pregnancy loss (abortion of an entire litter).
Low birth weight is associated with low fetal viability in mice infected with P. berghei-VAR. We evaluated fetal outcomes by classifying each litter of infected pregnant mice according to combinations of high (HFV; Ͻ25% stillbirths) or low (LFV; Ͼ25% stillbirths) fetal viability and averages of normal (NBW; Ն1.2 g) or low (LBW; Ͻ1.2 g) birth weight in both 10 5 and 10 4 P. berghei-VAR and P. berghei infection doses. These splitting values were based on the outcomes for noninfected pregnant females (n ϭ 6): the splitting value for birth weight was the lowest weight observed in the litter; the splitting value for stillbirth referred to the highest incidence observed. Comparisons between PM models showed that infection with 10 5 IEs induced the worst fetal outcomes (LFV and LBW) in 100% of P. berghei-VAR-and 80% of P. bergheiinfected mice; infection with 10 4 IEs had no impact on fetal weight and viability (NBW and HFV) in 57% of P. berghei-and 40% of P. berghei-VAR-infected pregnant mice. However, P. berghei-VAR infection still generated severe pathology (LFV and LBW) in 40% of pregnant mice, an effect absent in P. berghei infections (Fig. 6E) . We observed an association between birth weight and fetal viability in both P. berghei-VAR and P. berghei infections (Tables 1 and  2 , respectively) that was statistically significant only in the former, suggesting that in severe cases, infection compromises both fetal survival and fetal development, an effect that was more pronounced in P. berghei-VAR infections.
Parasitemia correlates with birth weight, maternal weight loss, and mortality. The maternal weights of P. berghei-and P. berghei-VAR-infected and noninfected mice were evaluated for 3 consecutive days starting on day 3 postinfection (G16). The infection dose had a clear effect on the kinetics of weight gain and loss during gestation (Fig. 7) , which was more pronounced when mice were infected with 10 6 P. berghei-VAR IEs than when mice were infected with other doses (Fig. 7A to C) . In this case, weight loss already occurred during the first time window (G16-G17), whereas infections with 10 4 P. berghei-VAR IEs induced weight loss at late gestation (G18-G19) (Fig. 7C) . In both PM models, parasitemia was negatively correlated with maternal weight gain ( Fig. 7D and E) and with birth weight (Fig. 8A and B) and positively correlated with maternal death (Fig. 7F) . To ascertain whether differences in pregnancy outcomes in P. berghei versus P. berghei-VAR infections are due to differences in parasitemia dynamics, we performed an analysis normalizing for parasitemia levels at G19. Fetal weight loss (calculated as the difference from the average weight of newborns from noninfected mothers) was divided by maternal parasitemia values (Fig. 8C to E) . Normalized fetal weight loss was increased in P. berghei-VAR infections compared to P. berghei in infections with 10 4 IEs (Fig. 8C ), but not at higher doses ( Fig. 8D and E) . Normalization to the AUC also showed similar results (10 4 IEs, P ϭ 0.0002; 10 5 IEs, P ϭ 0,43; 10 6
IEs, P ϭ 0.05; unpaired t test) (data not shown). These results suggest that aggravated fetal weight loss induced by P. berghei-VAR is not due to differences in maternal parasitemia levels but is attributable to var2CSA. Placentas from mice infected with 10 5 P. berghei or P. berghei-VAR IEs were analyzed for rRNA (18S) P. berghei quantification. Parasite loads were not different between P. berghei-and P. berghei-VAR-infected placentas. These data reinforce the notion that increased maternal (Fig. 5B) and fetal (Fig.  6D ) pathology mediated by P. berghei-VAR infection is not due to parasite dynamics but to the expression of var2CSA. Taken together, these data strongly suggest that the magnitude of the parasite burden governs different outcomes but increased PM severity induced by P. berghei-VAR infection is afforded by var2CSA virulence.
DISCUSSION
In this study, we describe a transgenic P. berghei strain that expresses var2CSA and characterize a novel PM model using P. berghei-VAR. The extracellular region of var2CSA on the P. falciparum IE membrane comprises six DBL domains and a CIDRpam module arranged in the configuration DBL1X-DBL2X-CIDRpam-DBL3X-DBL4ε-DBL5ε-DBL6ε, followed by a single transmembrane helix and a cytoplasmic acidic terminal sequence. In soluble form (no specific orientation), this protein binds specifically and with high affinity to CSA. Furthermore, it has to be noted that the var2CSA protein folded upon itself (20) indicates that DBL1 and DBL6 are close to each other and therefore close to the IE membrane (26) , which reinforces the relevance of our construct. Due to the anchoring using the EMAP1 protein, the extracellular region of var2CSA on the surfaces of P. berghei erythrocytes was expressed in a mirror orientation: DBL6ε-DBL5ε-DBL4ε-DBL3X-CIDRpam-DBL2X-DBL1X. We provide evidence that DBL1-6 protein is expressed in P. berghei-VAR, but only a proportion of IEs containing schizonts exposed the protein on the outer membrane, as revealed by staining live IEs using anti-DBL1-6 antibod- a Association between phenotypes: P ϭ 0.097 (chi-square test). The outcomes of infection were evaluated in an allogeneic pregnancy model. There are two major reasons for this choice: (i) generation of heterozygosity as a common feature between the mouse model and the human population, since inbreeding is not likely to occur in humans, and (ii) the fact that this breeding type generates high numbers of offspring with small variation in weight, which makes it more appropriate for measuring pregnancy outcomes.
P. berghei-VAR infection generated more severe pregnancy outcomes than in P. berghei-infected pregnant mice. Infection with 10 4 P. berghei-VAR IEs significantly reduced birth weight, increased the number of stillbirths, and generated higher parasitemia in pregnant mice than P. berghei infection. Moreover, pregnancy outcomes in 40% of the mothers infected with 10 4 P. berghei-VAR IEs showed the most severe outcomes (a combination of low birth weight [average, Ͻ1.2 g] and a high incidence of stillbirths [Ͼ30%]), which were not observed in P. berghei infection. When mice were infected with higher doses of IEs (10 5 or 10 6 IEs), no significant differences were observed for most of these features, although P. berghei-VAR-infected pregnant mice delivered higher numbers of underweight and nonviable neonates than P. berghei-infected mice. The incidences of abortions and maternal mortality before delivery were also increased after infection with 10 6 and 10 5 P. berghei-VAR IEs, respectively, compared to P. berghei infection. A potential explanation for the lack of maternal mortality in infections with 10 5 P. berghei IEs (the only group in which this was not observed) and the presence of this feature in noninfected mothers (although rare) could represent an occasional sampling deviation. From our long experience with this model, we expect that in a larger group of animals the incidence of maternal mortality would increase in infections with 10 5 P. berghei IEs, as well as with P. berghei-VAR, rendering the differences between the parasite lines and between infected and noninfected mice more consistent. The cause of death in noninfected mothers was not investigated and could be related to a pregnancy-specific event (such as preeclampsia or hypertension), but unsuccessful pregnancy is not uncommon in laboratory mice.
Our observations demonstrate that expression of var2CSA in P. berghei can aggravate pathogenesis, possibly by an increase in the adherence of IEs in the placenta. The less clear differences in pathogenesis between P. berghei-VAR and P. berghei at higher doses might possibly be due to the strong increase in severe pregnancy outcomes, not only in P. berghei-VAR-but also in P. berghei-infected mice, thereby hampering the quantification of the possible effects of expression of var2CSA. Nevertheless, we cannot exclude the possibility that a transgenic parasite has a modified virulence that is independent of DBL1-6 expression. Not only pregnancy outcomes, but also the parasite burden in peripheral blood was dependent on the IE dose, and parasitemia was negatively correlated with fetal weight and maternal death before delivery. Maternal death during pregnancy was associated with high parasitemia levels (AUC Ͼ 40) after infection with 10 6 IEs but not other doses. At a dose of 10 5 IEs, death during pregnancy was observed only in P. berghei-VAR hosts despite a lack of differences in parasitemia levels between P. berghei and P. berghei-VAR infections. Moreover, we could speculate that the low incidence of maternal mortality after infection with 10 4 P. berghei-VAR IEs could be due to significantly reduced proliferation in a period of 6 or 7 days (G13 until the end of pregnancy) compared to the other doses. Nevertheless, infection with the lowest dose of P. berghei-VAR had a more pronounced effect on birth weight and fetal survival, which could be a consequence of higher IE proliferation (possibly due to increased IE binding in the placenta) and host response to var2CSA-CSA interaction.
Mortality in pregnant women with severe malaria has been reported in areas of unstable transmission due to low immunity to the parasite (6) . P. falciparum malaria was one of the leading causes of death in pregnant women in Thailand; early detection of infection and treatment of malaria significantly reduced mortality in this population (4, 5) . Our data suggest that the severity of pregnancy outcomes in the mouse models is highly associated with maternal parasitemia, which in turn probably reflects the level of IE sequestration in the placenta.
Based on our observations, we speculate that aggravation of PM pathology in the P. berghei-VAR model is associated at least partially with interactions with trophoblasts rather than with an increased parasite burden. This is supported by our in vivo and in vitro data. When differences in maternal parasitemia between P. berghei and P. berghei-VAR in infections with 10 4 IEs were taken into account, P. berghei-VAR showed increased severity in maternal and fetal outcomes. We also show that infection at 10 5 P. berghei-VAR IEs induced a higher degree of maternal mortality despite similar placental parasite burdens in the two parasite lines. Our in vitro binding assay showed that P. berghei-VAR IE adhesion to placental sections is more dependent on CSA binding than that of P. berghei. This observation suggests that increased P. berghei-VAR IE adherence is probably related to the presence of a var2CSA DBL1-6 domain, which might exhibit stronger binding properties than P. berghei proteins. It has been shown that less adherent strains of P. falciparum induced lower release of proinflammatory factors by BeWO cells (a trophoblast model) in vitro, suggesting that the magnitude of inflammation is associated with the affinity of IE adherence (27) . Taken together, these data could explain why P. berghei-VAR infection results in worse pregnancy outcomes. Although var2CSA is not exposed on the surfaces of all P. berghei-VAR IEs, we observed a significant increase in binding to placentas and increased PM severity in P. berghei-VAR-infected mice compared to P. berghei-infected mice, indicating that var2CSA plays an important role in pathology. Further studies are needed to understand why P. berghei-VAR infection aggravates PM pathogenesis.
Increased susceptibility to Plasmodium infection in pregnant women has been well documented, but the reasons are not completely understood (28) . Suppression of the immune response during pregnancy has been suggested as a risk factor. A study with Gambian women showed that the proliferative capacity of immune cells in the placenta was reduced compared to peripheral blood, which could partially explain the accumulation of parasites in the organ (29) . In mouse models of PM, increased susceptibility to blood-stage infection during pregnancy is a hallmark and has been shown to occur in different mouse strains (24) . Another hypothesis that could explain parasite proliferation in the peripheral blood is that IE sequestration in the placenta favors the multiplication of blood-stage parasites. It has been shown that CD36-mediated sequestration of P. berghei IEs favors blood-stage multiplication as a result of reduced removal of IEs from the peripheral blood circulation by the spleen (30) . Evidence that could support the claim is based on our unpublished observations: the placental parasite burden greatly increased after infection and seemed to correlate with IE expansion in the maternal blood. Thus, increased sequestration in the placenta, similarly to CD36-mediated sequestration, may enhance parasite multiplication.
PM pathology is attributed to IE sequestration in the placenta, which is defined by physical interaction between var2CSA exposed on the P. falciparum IE membrane (11, 20) and placental cells, namely, trophoblasts. Published data support the notion that trophoblasts have an active role in the inflammatory process by reacting to IE adherence. In vitro studies have shown that after interaction with IEs, trophoblasts secrete interleukin 6 (IL-6) (27) and chemokines (27, 31) , which in turn recruit immune cells to the site of IE stimulation (31) . This inflammatory environment in the placenta can affect its anatomic structure and normal function. Thickening of the trophoblast basement membrane, which is likely to impair the normal maternal-fetal nutrient and gas exchange, has been observed in both P. falciparum-infected placentas (32) and Plasmodium vivax-infected placentas (33) and is associated with low birth weight (34) . Fibrinoid necrosis was also observed in highly infected placentas (35) .
In our study, IE sequestration in both the P. berghei and P. berghei-VAR PM models is likely to occur at least partially via IE adherence to CSA on trophoblasts. Evidence for this is provided by our binding assays, which show IE adherence to placentas in a CSA-dependent manner. The ability of P. berghei IEs to bind to CSA and to trophoblasts has been shown previously (7) , and it is possible that P. berghei proteins exposed on the surfaces of P. berghei IEs bind to CSA through epitopes that share homology with DBL domains of var2CSA. Our observations that antibodies against DBL1-6 recognize P. berghei proteins at the IE surface support this hypothesis. Our previous observations of placentas of P. berghei-infected mice using intravital imaging clearly showed interaction of IEs with trophoblast areas of the placenta, where the blood flow is low; these observations and data from the current studies indicate that in the P. berghei PM model IEs sequester in the placenta and that placental microcirculation influences the level of IE accumulation (8) . The observation that low-sulfated CS is expressed in rat placentas and binds to panselected CSA-adherent P. falciparum IEs in vitro (36) suggests that this molecule is also present in the mouse placenta and is capable of binding to var2CSA.
The use of the P. berghei-VAR PM model can help to clarify mechanisms underlying var2CSA-induced pathogenesis and provides a novel tool to test vaccination protocols and to understand the immune responses against var2CSA that are involved in immunological protection against PM. In fact, current questions posed by the malaria community (37), such as those concerning the effectiveness of targets to elicit protection, the function of protective antibodies, and the endurance of B cell memory and contribution of the T cell compartment, remain unanswered.
